A magnetic study of 16 samples of topsoil and 2 soil profiles (11 samples) in the area of Cisna-Wetlina Landscape Park was carried out. The whole collection of the samples represents typical Carpathian soils -brown and sour. Magnetic susceptibility, frequency, dependence of magnetic susceptibility, temperature dependence of magnetic susceptibility, thermal decay of saturation, isothermal remanent magnetization, parameters of hysteresis loop and anhysteretic remanent magnetization of the samples were measured in a laboratory. , which indicates that the investigated area is probably not polluted currently. The study of the samples from two soil profiles reveals a slight enhancement of magnetic susceptibility in the upper horizons, presumably related to natural processes. The temperature dependence of magnetic susceptibility and saturation isothermal remanence of four soil samples show that the presence of iron sulphide minerals (pyrrhotite) and maghemite is associated with hematite. The occurrence of other iron sulphide minerals in the soil is also possible. The saturation isothermal remanence curves do not confirm the presence of magnetite. Studies of the hysteresis loop reveal a significant role of paramagnetics among magnetic minerals occurring in the samples. Hysteresis parameters (coercive force, coercivity of remanence, saturation magnetization, isothermal remanent magnetization) and anhysteretic remanent susceptibility allowed the authors to evaluate the grain size distribution and reveal the presence of pseudo-single domain (PSD) grains.
INTRODUCTION
The paper concerns the reconnaissance magnetic investigations of soils in the Cisna-Wetlina Landscape Park.
Magnetic susceptibility is a basic magnetic parameter, widely used in environmental studies. It is defined as the ability of matter to magnetize under the influence of an external magnetic field (Grabowska 2013 ). This parameter is utilized to assess the state of environmental pollution and characterize occurring magnetic particles. Investigations of magnetic susceptibility of various natural important components of the environment. In this respect, the subject of interest can be topsoil (usually to the depth of 10 cm) and soil profiles.
In the case of topsoil studies, magnetic susceptibility is closely related to the content of iron oxide particles, which are almost always accompanied by heavy metals and polycyclic aromatic hydrocarbons (Strzyszcz & Rachwał 2010) . Numerous studies of topsoil proved that investigations of magnetic susceptibility can be simple tools used in the analysis of soil pollution.
The results of topsoil magnetic susceptibility investigations are often presented as maps. In a polluted area, an anomaly of magnetic susceptibility of soil can be noted. Its intensity is indirectly related to the content of heavy metals, such as Pb, Zn, Cd, Cu, Ni, Co, V and Cr (Magiera 2004) .
In the other case, magnetic studies of the soil environment can be concentrated on soil pits. Here, the origin of magnetic minerals can be described by the shape of the curves of magnetic susceptibility vs. depth. Such presentation of investigation results yields information about the content of magnetic minerals and the transformations of the state of minerals, caused by changes of physico-chemical conditions in the soil profile.
Additionally, studies of different magnetic parameters (magnetic susceptibility, frequency dependence of magnetic susceptibility, anhysteretic remanent susceptibility, coercive force, coercivity of remanence, saturation magnetization, isothermal remanent magnetization), their interrelationships and changes in temperatures (magnetic susceptibility, saturation isothermal remanent magnetization) allow one to identify the magnetic minerals and determine the granulation and content of those minerals in soil (Peters & Dekkers 2003) .
THE INVESTIGATED AREA
The Cisna-Wetlina Landscape Park is located in south-eastern Poland, within two tectonic units of the Eastern Flysch Carpathians: the Silesian Unit and the Dukla Unit (Fig. 1) . The area of interest belongs to the Dukla Unit (Gucik et al. 1973) in the south-western part of the Cisna-Wetlina Landscape Park.
The Dukla Unit is characterized by typical flysch sediments -mainly the Upper Cretaceous, Palaeocene and Eocene formations of alternate layers of sandstones and shales. In the investigated area, this unit is represented by among others Krosno beds (grey, micaceous sandstones interbedded by shales), hieroglyphic beds (greyish green, clay shales and fine grained sandstones) and globigerina marls (yellowish green marls with numerous globigerina). The parent material of soils, which has been formed from those rocks, is not magnetic. (Gucik et al. 1973 -modified) The hypergenesis phenomena existing in the Carpathian Flysch in the Tertiary (Królikowski et al. 1986 ) made the formation of horizons possible, consisting mainly of brown and sour soils.
PREVIOUS STUDIES
In the studied area the first magnetic research was carried out in 2002. It concerned the magnetic susceptibility of soils and was carried out on samples collected in 1991-1992. The results of this study were described in the Magnetic Susceptibility of Soils in Poland (Magiera et al. 2002a ) of magnetic susceptibility were noted in the western part of the Cisna-Wetlina Landscape Park (Fig. 2) . Magiera (2004) has formulated a hypothesis, that the industrial complex in Košice was the main cause of this anomaly, and pollution from Slovakia was blown on the Polish territory in numerous passes, most of all through the Łupków Pass.
Nevertheless, geochemical studies of the same samples (Lis & Pasieczna 1995) have shown that the limit values (Rozporządzenie Ministra Śro-dowiska... 2002) of the investigated elements are not exceeded. The content of heavy metals in soils is: 20-40 ppm for nickel (the limit value is 100 ppm), 10-20 ppm for chrome (the limit value is 150 ppm), 40-80 ppm for copper (the limit value is 150 ppm) and in the case of iron: 2-4%.
METHODS
The magnetic studies have been conducted on 27 soil samples from the Cisna-Wetlina Landscape Park. The 16 topsoil samples were collected with a soil probe at eight sites ( Fig. 1) . At each site, the investigated material was collected in two sampling places located a few meters from each other (samples I and II), according to the adopted methodology, namely after removing the uppermost part of the organic horizon (i.e. litter layer) Fig. 2 . Fragment of the map of mass susceptibility of topsoil in south-eastern Poland (Magiera et al. 2002a -modified) (Strzyszcz & Rachwał 2010) . The samples mainly come from the depth range of 0-4 cm. Additionally, in two previously designated sites, 11 samples (in total) were collected from the soil pits to the depth of 35 cm. The entire material was dried and crumbled before the measurements.
Laboratory magnetic studies were carried out in the Laboratory of Petrophysics, Department of Geophysics (Faculty of Geology, Geophysics and Environmental Protection, AGH University of Science and Technology in Cracow) and in the Paleomagnetic Laboratory of the Institute of Geophysics, Polish Academy of Sciences in Warsaw. The investigations included: volume and mass magnetic susceptibility (Bartington MS2), frequency dependence of magnetic susceptibility (Bartington MS2), temperature dependence of magnetic susceptibility (AGICO KLY 3S), temperature dependence of saturation isothermal remanent magnetization (Magnetic Measurements MMPM10, TUS), hysteresis loop with saturation magnetization, isothermal remanent magnetization, coercive force and coercivity of remanence (Molspin VSM) and anhysteretic remanent susceptibility (AGICO LDA-3, 2G Enterprises SQUID DC).
Magnetic susceptibility is one of the most basic magnetic parameters. In the case of volume magnetic susceptibility (κ), it is defined as a ratio of induced magnetization (M i ) and intensity of the magnetic field (H):
In the soil studies, mass magnetic susceptibility (χ) concerning the volume density (ρ) of the sample is more commonly used:
Magnetic susceptibility values above 100•10 −8 m 3 •kg −1 characterize polluted soils in the forest areas, in which the concentration of at least one heavy metal exceeds the limit value (Magiera 2004) .
Frequency dependence of magnetic susceptibility (κ fd ) corresponds to the sensitivity of the magnetic grains due to the changes in intensity of the magnetic field. This parameter describes the percentage decrease of susceptibility during the increase of the frequency of the magnetic field:
where: κ lf -magnetic susceptibility in low frequency of the magnetic field (465 Hz), κ hf -magnetic susceptibility in high frequency of the magnetic field (4 650 Hz).
Superparamagnetic (SP) and stable single-domain (SSD) particles are characterized by κ fd higher than 5-6%, whereas for multi-domain (MD) grains, lower values of κ fd are expected (van Oorschot 2001) .
Studies of temperature dependence of the soil magnetic susceptibility were carried out during heating (from room temperature to 700°C) and cooling processes. The analysis of the susceptibility changes with temperature is quite complicated due to phase alterations occurring in the samples during measurements. Therefore, sometimes it is not possible to determine the critical (Curie or Néel) temperature of the initially existing magnetic minerals in soil samples (Jeleńska et al. 2008) .
The investigations of thermal demagnetization of saturation isothermal remanence (SIRM) are a better proxy for evaluating magnetic minerals because SIRM(T) curves are not distorted by mineralogical transformations during heating (Jeleńs-ka et al. 2010) . As a result, it is possible to determine the critical temperatures of the originally occurring magnetic minerals. The remanence was imparted on samples in the field of 9T and measured from the room temperature up to 700°C.
In order to evaluate magnetic grain size the measurements of saturation magnetization (M s ), saturation isothermal remanent magnetization (M rs ), coercive force (B c ) and coercivity of remanence (B cr ) were taken. These parameters characterize the shape of the hysteresis loop, which is the magnetization dependence of the magnetic field intensity.
The measurements of hysteresis loop parameters have been supported by studies of the anhysteretic remanent susceptibility (χ ARM ), which is a parameter concerning the mass-normalized anhysteretic remanent magnetization (expressed in A•m 2 •kg ). The parameter is sensitive to the presence of ferromagnetic single-domain particles and increases with the growth of the SD grains content in a sample (Evans & Heller 2003) . χ ARM was measured for four specimens at random. (Magiera & Strzyszcz 2003) , and therefore we suggest that soils in the Cisna-Wetlina Landscape Park are probably not polluted currently.
RESULTS
It is worth emphasizing that the received susceptibilities generally fall into the range of typical values for non-polluted Carpathian soils (brown, sour). They normally do not exceed 20·10 −8 m 3 ·kg −1 (Magiera et al. 2002a ).
The frequency dependence of magnetic susceptibility varies in a wide range -from 2.7% to 9.1% (Tab. 1). Sample 6.II, located near Cisna, exhibits a very high κ fd (9.1%), which may indicate the presence of SP/SSD particles (van Oorschot 2001). Nevertheless, the value for the second sample from that same place (6.I) is lower than 5%. Values of frequency-dependent susceptibility for other samples do not exceed 7.1%. It is very difficult to draw an accurate conclusion, and therefore we deemed this parameter inconclusive and excluded it from further consideration.
The distribution of magnetic susceptibility in the two soil profiles is shown in Figure 3 Figure 4 presents the curves of susceptibility changes during continuous heating and cooling for two samples: the first one, from the area of the anomaly near Nowy Łupków (2.II) and the second one, from outside the anomaly near Cisna (8.I). They exhibit almost the same behaviour. The curves show a Curie temperature near 580°C, which is characteristic for magnetite. We consider the enhancement of κ around 250-280°C to be 
Fig. 4. Susceptibility changes during continuous heating for sample: A) 2.II from the anomaly area (near Nowy Łupków); B) 8.I from the outside of the anomaly (near Cisna); κ i is an initial susceptibility, κ a is a susceptibility after the heating-cooling cycle
related to the oxidation of pyrrhotite into magnetite (Kądziałko-Hofmokl 2002). The transformation of the antiferromagnetic phase represented by hexagonal pyrrhotite into its ferrimagnetic form is also possible. In this case, above the temperature of 200°C, a monoclinic pyrrhotite is formed (Dunlop & Özdemir 2007) . The decrease observed in the range 280-400°C points to the alteration of some grains of maghemite into hematite (Jeleńska et al. 2004 ). The partial alteration of maghemite depends on its size, because only finegrained maghemite can be completely converted to hematite in the temperature range ca. 300-400°C (de Boer & Dekkers 1996) . Additionally, for all samples, the increase of κ around 450-500°C can be observed. We tentatively suggest that this reflects the growth of magnetite from iron sulphides (Kądziałko-Hofmokl 2002), for example secondary monoclinic pyrrhotite. On the other hand, the deflection of the susceptibility curve around 450°C can be associated with chemical and mineralogical changes in paramagnetic minerals, leading to the formation of a new ferrimagnetic phase (Magiera, 2004) .
Generally, a significant enhancement of susceptibility can be seen on cooling curves. The ratio of a magnetic susceptibility after the heating -cooling cycle (κ a ) and its initial susceptibility (κ i ) is 43 for the sample collected in the area of the anomaly (Fig. 4A) and 44 for the sample outside the anomaly (Fig. 4B). A B
Fig. 5. SIRM demagnetization curves for sample: A) 2.II from the anomaly area (near Nowy Łupków); B) 8.I from the outside of the anomaly (near Cisna)
Contrary to κ(T), magnetite is not observed on the curves of continuous thermal demagnetization of saturation isothermal remanence (Fig. 5) . For the sample from the anomaly area, a rapid drop on the curve of SIRM decay before 300°C (Fig. 5A) can be seen. It can be explained by the presence of sulphides like pyrrhotite, with unblocking temperature T ub ≈ 325°C (Dekkers 1989 , Jeleńska et al. 2010 ). An inflexion point near 300°C indicates the transformation of metastable maghemite into hematite (Lowrie 2007) . The unblocking temperature of 675°C is characteristic for hematite or sometimes maghemite, which is non-stoichiometric (Kądziałko-Hofmokl 2002). The behaviour of the curve for sample 8.I (from the outside the anomaly) is slightly different (Fig. 5B) . The inflexion point near 300°C is almost unnoticeable. The unblocking temperature is also about 670°C, but the hematite tail is more conspicuous, pointing to a higher concentration of hematite in the sample from the outside of the anomaly area. Figure 6 shows examples of the hysteresis loops for two samples: the first, from the anomaly area (Fig. 6A, B ) and the second, from the outside the anomaly (Fig. 6C, D) . Loops for both samples exhibit similar behaviour. A major paramagnetic contribution can be observed (Fig. 6A, C) .
Hysteresis parameters (M rs , M s , B c ) were calculated after subtracting the paramagnetic contribution. Values of B cr were estimated from the backfield demagnetization curves. Coercive force (B c ) of samples ranges from 6.0 mT to 10.5 mT, the coercivity of remanence (B cr ) from 18.5 mT to 36.5 mT, whereas saturation magnetization (M s ) from 7.7 to 58.9·10 −3 A·m 2 ·kg −1 and saturation remanent isothermal magnetization (M rs ) from 1.0 to 6.6·10 -3 A·m 2 ·kg −1
. Consequently, M rs /M s and B cr /B c fall into relatively narrow ranges 0.04-0.18 and 2.75-5.00, respectively.
In order to assess the grain size distribution, the Day plot (Day et al. 1977 ) modified by Dunlop (2002) was constructed for all the topsoil samples (Fig. 7) . It indicates PSD grains and a mixture of SD/MD particles with a prevalence of MD grains (Fig. 7) .
The values of anhysteretic remanent susceptibility range from 28.65-86.85·10 −8 m 3 ·kg −1
. Based on a χ ARM and mass magnetic susceptibility compilation (King diagram), we suggest the prevalence of PSD grains (of diameter ca. 0.2-1 μm) in the studied soil samples.
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DISCUSSION
In the Cisna-Wetlina Landscape Park, relatively low magnetic susceptibilities of soils were noted. The values of χ do not exceed 40·10 −8 m 3 ·kg −1 (Tab. 1) and roughly fall into the range of χ for non-polluted, Carpathian, brown and sour soils. Therefore, we state that the soils in the studied area are not polluted nowadays. Our conclusion is reinforced by the fact, that the nearest industrial complex is located over 80 km from the investigated area, and there is no other potential source of pollution.
Received values of susceptibility differ clearly from the results of Magiera et al. (2002a) . In that paper, on the Map of magnetic susceptibility of soils in Poland, an anomaly in the area of Cisna-Wetlina Landscape Park was noted. It is based on two values exceeding 200•10 −8 m 3 ·kg −1 (Fig. 2) . The map was constructed on the basis of magnetic susceptibility of topsoil samples, measured with the use of the same instrument (MS2 Bartington apparatus with MS2B sensor). The samples were collected in 1991 -1992 (Lis & Pasieczna 1995 in 5 × 5 km grid.
The susceptibility vs. depth curves exhibit similar behaviour: low values at the bottom part and (Fig. 3) . The enhancement of χ at the top may be due to pedogenic processes occurring in soil and climatic conditions.
The thermal treatments of the samples have revealed the presence of pyrrhotite on the SIRM(T) Fig. 7 . The Day diagram modified by Dunlop (2002) for collected topsoil samples curves reflected by a notable decrease of magnetization before 300°C (Fig. 5) . This result is further supported by an enhancement of susceptibility around 280°C on the κ(T) curves (Fig. 4) . The unblocking temperature of 670° and the inflexion point near 300°C on the SIRM thermal decay curves (Fig. 5) point to maghemite associated with hematite. For the sample from the outside of the anomaly (8.I), the deflection on the SIRM(T) curve around 300°C is less evident, poining to the prevalence of hematite among other magnetic minerals. The presence of hematite in the topsoil indicates the maturity of the soil (Liu et al. 2005) . The decrease of susceptibility in the range 280-400°C on the κ(T) heating curves can also be related to the transformation of maghemite. Magnetite is observed on the κ(T) curves (Fig. 4) , although we have not found the evidence of magnetite on the SIRM decay curves (Fig. 5) . Consequently, we assert, that its evidence on the κ(T) curves is a consequence of the production of magnetite during thermal treatments. It is worth adding that our results are similar to those obtained by Jeleńska et al. (2004) for non-polluted chernozem soils.
The studies of the hysteresis loops have revealed a significant influence of the paramagnetic minerals on the magnetic properties of the collected soil samples (Fig. 6A, C) . Hysteresis loops for all the specimens are relatively narrow, indicating the prevalence of soft magnetic minerals, and therefore, that the presence of high amounts of hematite is doubtful. What is more, there are no clear differences between loops obtained for the samples from the anomaly area and those from the outside the anomaly.
The investigation of hysteresis parameters has shown that the ratios M rs /M s and H cr /H c range in relatively narrow intervals: 0.04-0.18 and 2.75-5.00, respectively. It points to the prevalence of PSD grains and alternatively a mixture of SD/MD particles (Fig. 7) . However, studies of anhysteretic remanent susceptibility clearly indicate the presence of only PSD grains (0.2-1 μm). The absence of MD grains in the samples shows that the soil is probably uncontaminated in the effect of industrial dust deposition. Technogenic magnetic particles (TMPs) formed during various technological processes in high temperatures usually contain MD grains (Strzyszcz et al. 1996) .
CONCLUSIONS
The study has revealed that soils in the Cisna-Wetlina Landscape Park are probably notpolluted nowadays. Very low values of magnetic susceptibility have been noted. Furthermore, the lack of TMPs has been confirmed by the absence of MD grains in the investigated samples.
The results presented in this article differ significantly from those obtained by Magiera et al. (2002a) for samples collected in the studied area over twenty years ago. It can be concluded, that the anomaly of the topsoil magnetic susceptibility, which was found in the region of the Cisna-Wetlina Landscape Park, does not exist nowadays. Moreover, the same grain size distribution and magnetic minerals present in soils from the anomaly area and from the outside of the anomaly have been observed. It is difficult to give an exact explanation of the factors providing such a decrease in soil magnetic susceptibility (probably rainfall or pedogenic processes). It should be mentioned that the obtained values of magnetic susceptibility fall into the range obtained by Magiera et al. (2002a) for other Carpathian soils (with the exception of the Cisna-Wetlina Landscape Park).
Significant contribution of the paramagnetic phase in soils has been noted. Moreover, thermomagnetic investigations (κ(T) and SIRM(T)), hysteresis analysis and anhysteretic remanent susceptibility have revealed the presence of PSD (0.2-1 μm) grains of pyrrhotite and maghemite associated with hematite. The content of hematite in the samples is evidence of the maturity of soil. The obtained results are similar with those obtained for non-polluted chernozem soils from Ukraine.
